Indoor-cross infection of expiratory contaminants is still a concern, worsened by the SARS outbreak in 2003 and recent cases of influenza strains (H1N1, avian flu, etc.). A variety of methods to study the airborne spread of expiratory contaminants have been worked out, including the use of tracer gas, particle generators, and CFD simulations. In this context, the main objective of this work is reviewing methods to evaluate airborne dispersion of contaminants, more specifically those related to cross infection of expiratory droplets inside aircraft cabins. This literature review provides guidance in developing methods and choosing equipment for future studies.This study gathers knowledge developed so far in a common source, serving as a guideline for researchers who work in this area.
Introduction
Approximately 3.2 billion passengers have travelled in the world in 2006 [1] , and a significant part of them have said they are worried about germs when flying [2] . Although the aircraft manufactures have made advances in cabin safety, and the airlines have undertaken different actions to minimize the threat of inflight transmission of diseases, the risk of airborne cross infection indeed cannot be eliminated entirely, as discussed by Fishbein et al. [3] . Various recent studies supports that concern, such as the one made in 2003, showing that the virus SARS has been fast disseminated throughout the world, mainly because infected people have traveled by aircraft between distant cities [4] . Mangili and Gendreau [5] have discussed many cases of spread of infectious diseases inside aircraft cabins. More recently, Wagner et al. [6] have calculated the potential transmission by an H1N1-infected person in the economy class of an air-liner and predicted 2 to 5 infections for a 5 hour flight and up to 17 for a 17 hour flight.
Although there are several cases in the literature, one believes that the transmission of infectious diseases originated from cross infection inside aircraft cabins happen more than registered [7] , what could be explained by the incubation time of some infections, which may be larger than the flight duration. In this case, although some passengers could have been infected during the flight, the symptoms would appear in a few days or so afterwards, and it would be difficult to assure if the illnesses were really contracted inside the aircraft. In addition, passengers can be in the asymptomatic period of an illness and boarding an aircraft without attracting others attention [5] .
Some intrinsic characteristics of the current aircraft air conditioning system may be favorable for airborne cross infection, mainly during long flights when the exposure time is longer. For instance, the use of mixing ventilation might potentially increase the spread of contaminants inside cabins due to its mixing effect [8, 9] . The HEPA filters present in aircraft [10] [11] [12] are effective in removing virus and bacteria, but are usually installed in the recirculation air 2 International Journal of Aerospace Engineering ducts only. Thus, the contaminants generated by the index passenger can be inhaled by other occupants before being collected by those filters. Sze To et al. [13] , for instance, have experimentally observed that the expiratory droplets generated by a simulated coughing have reached the entire 21 seats aircraft cabin mockup in 20 seconds, even considering 100% of fresh air flow in the experiments.
Many researchers have focused on understanding the correlation between the type of ventilation system with the transmission of airborne infectious diseases [14] [15] [16] [17] . Some studies compare the application of mixing ventilation with underfloor air and personalized ventilation (PV) specifically inside aircraft cabin [9, 18] , but there is a lack of validation data on those studies.
In order to evaluate the spread of airborne contaminants inside aircraft cabins, distinct methods have been applied to reproduce pollutant generation, such as tracer gas and particle generators. Additionally, several measurement techniques are required to characterize the particles. In order to simulate particle dynamics, many researchers have been using Computational Fluid Dynamics (CFD) [19, 20] .
The methods applied to reproduce the dynamic of airborne droplets are fundamental to fully understand its behaviour and also to comprehend the influence of the ventilation system on it. In this direction, the main objective of this work is reviewing the methods applied to evaluate the spread of airborne contaminants inside aircraft cabins, focusing on cross-infection caused by expiratory activities and to initiate a discussion of a method to be applied to evaluate ventilation systems in terms of indoor air quality.
The Literature Review
The literature review has focused on indoor airborne transport of particles, more specifically, those studies related to cross infection of airborne expiratory droplets inside aircraft cabins. Some studies done in buildings are also cited, because it is assumed that the methods applied to building interiors, a priori, can be applied to the aircraft cabin as well.
As the present work deals with the dispersion of contaminant inside aircraft cabins, it is important to discuss some basic aspects of cabin ventilation philosophies. Afterwards, some characteristics of the biocontaminants of interest are presented, since they are protagonist of the cross infection cases inside aircraft cabins. Finally, studies related to airborne spread of biocontaminants inside aircraft cabins are presented, including experimental and numerical aspects.
Overview of Aircraft Ventilation Systems.
The air distribution system is one of the main components of the Environmental Control System (ECS), responsible for adequately distributing the conditioned air aiming at bringing the occupants health and thermal comfort. Aircraft cabins have a higher occupant density, a more complex internal geometry, smaller volume, and a smaller fresh air flow per occupant if compared to buildings (Figure 1) .
Mainly due to its smaller air volume and a much higher occupant density [21] , the total cabin air exchange ratio is (Table 1) . Therefore, it is usually more challenge to design a healthy and comfort environment inside aircraft cabins.
The cabin ventilation is usually done with airflow at elevated velocity entering the overhead region, with the air return next to the floor (Figure 2 ) resulting in the air mixture through the cabin volume and, therefore, named "mixing ventilation"-MV. It typically produces minor air temperature stratification but, due to its mixing effect, it can potentially increase the spread of infectious diseases through the cabin [8, 9] .
Displacement ventilation-DV [22] and underfloor air distribution-UFAD [23, 24] have been studied and already applied in buildings. This ventilation type might be able to improve the air quality around the occupant breathing zone if compared with mixing ventilation [25] but, on the other hand, can increase the local thermal discomfort by draft [15, 26] . This negative effect could be worsen in aircraft cabins where the volume of air per passenger and the ceiling height are much smaller than those in buildings.
The application of Personalized Ventilation (PV) has been recently studied in buildings [14, 24, 27, 28] . The PVs main objective is to bring passengers individual thermal control and to minimize the entrance of contaminants in the occupant breathing zone [29, 30] . Although this philosophy has being applied with success in buildings [14, 31, 32] , they have not being effectively applied in aircraft cabins. The only exception is the personal airflow outlet usually present in aircraft cabins, known by gasper valves, which might not be so effective to promote to each passenger his individual thermal control [33] . Finally, some conceptual ideas of PV International Journal of Aerospace Engineering for aircraft cabin have being investigated with CFD studies [9, 18] , showing benefits in terms of thermal comfort and air quality compared with the traditional mixing ventilation. However, there is a lack of validation data on those studies.
Although the design of the aircraft cabin ventilation is a challenge, it might be possible to enhance it in order to guarantee better air quality in the occupants' breathing zone without jeopardizing thermal comfort and then contributing to minimize the risk of inflight cross infection. The use of PV combined with other types of ventilation seems to be a possible solution. So, in order to comprehend the influence of the different ventilation systems on the dispersion of biocontaminants, it is fundamental reviewing the state of the art of the methods applied to reproduce the dynamic of airborne droplets inside aircraft cabins, what is done in the next items.
Expiratory Contaminants.
During expiratory activities such as coughing, talking, and sneezing, humans atomise droplets. If these droplets are produced by an infected person, pathogenic contaminants present at his expiratory tract are carried outside and can be directly transmitted to other people via inhalation, one of the central causes of crossinfection. As per Duguid [34] , approximately 95% of the expiratory droplets have a size between 2 and 100 μm, being the most common particles between 4 and 8 μm (Figure 3 ). Although sneezing produces more particles, coughing occurs more often and, in the end, becomes the most particlegenerating activity [35] .
In general, particles larger than 5 μm deposit on surfaces quickly, mainly due to the force of gravity [7] . The smaller particles-instead, have a diffusion coefficient in the air comparable to the diffusion coefficient of gases [36] , which allows them to be carried by the airflow enough to evaporate and form its residue called droplet nuclei. As a result, these residues are able to transport contaminants for longer distances [37] . Although the smaller aerosols follow the airflow as if they were gaseous particles, they usually adhere to the surface of an obstacle after hitting it, whereas the gaseous usually rebound [36] .
According to Yang et al. [16] , the droplets concentration released per coughing is around 10 9 /m 3 . Based on Duguid, 1946 measurements, it is possible to infer that the quantity of particles produced by sneezing is around 200 times the quantity produced during coughing. Considering that the concentration would increase in the same proportion, it is possible to assume that a sneezing concentration has the order of 10 11 /m 3 . On the other hand, recent study [38] consider that the droplets concentration produced by coughing is around 2.4 · 10 6 /m 3 to 5.2 · 10 6 /m 3 , which is around three orders of magnitude lower than the numbers from Yang et al. [16] .
Based on the last paragraph, it is possible to notice controversial values in some studies characterizing expiratory contaminants, what might be explained in part by the difficulties associated to the measuring methods [38] . Table 2 summarizes the discussed and some others studies [39, 40] found in the literature review related to expiratorycontaminant quantities.
Tracer Gas Studies.
Nielsen [15] evaluated the performance of two types of PV systems applied in aircraft cabins: one integrated to a neck-support pillow, and the other integrated to the seat, as shown in Figure 4 . The authors have used N 2 O as tracer gas and smoke to evaluate qualitatively the PVs jet entrainment in the person's breathing zone. The PV response for larger droplets has not been evaluated. As the testing solutions were not inserted in an aircraft environment, they did not capture the interactions between the PV and the aircraft global ventilation, as well the influence of other interior obstacles, such as the occupants' bodies and the seats located at adjacent rows. The authors have concluded that the PV integrated to the neck pillow is more efficient to avoid cross infection than the PV integrated to the seat.
Yan et al. [20] have studied the airborne pollutant transport mechanism inside aircraft cabins using tracer gas ( Figure 5 ). 7.5 · 10 −5 m 3 /s of CO 2 was injected into the cabin from the mouth of a simulated infected passenger during 5 minutes. The gas concentrations at the breathing region of the other occupants were measured with fourteen nondispersive infrared sensors, considering a sampling rate of 0.5 Hz. Due to the sensors' limited number, two rows were measured each time. They have applied Volumetric Particle-Tracking Velocimetry (VPVT) to measure airflow velocity's field and have considered box-shaped mannequin without thermal dissipation to simplify experiments. CFD simulations were applied to model CO 2 concentration along the cabin in an Eulerian frame, and the airflow was modelled with k-ε standard turbulence model, although some researchers have concluded that the RNG model is usually better for this kind of application [45, 46] .
The authors have made mesh refinement around the mannequins due to their geometry complexity and the expected high-velocity gradients. Coarser mesh was considered for the rest of the cabin, totalizing around 1.6 million volumes. Good numerical-experimental correlations for the temperature field were obtained, but not so good for the velocities, what could be explained by the simplifications done to the geometry of the virtual mannequins. The simulated contaminant concentration field was quite different from the measured one. One reason to explain the differences is the low number of measuring points, what forced them to calculate concentration in nonmeasured regions with numerical interpolation. In general, they have concluded that the ventilation system influences considerably on the concentration map inside the cabin and have obtained lower contaminant concentration for higher ventilation ratios. Zhang and Chen [9] have applied CFD to simulate the dispersion of CO 2 generated by passengers inside aircraft cabin considering three different kinds of ventilation: mixture ventilation, underfloor ventilation, and underfloor ventilation combined with PV ( Figure 6 ). It was considered adiabatic seats, box-type mannequin with thermal dissipation, and periodicity boundary condition applied on both cabin edges. The cabin was divided in 24 subvolumes to make the grid generation easier, and hexahedral volumes were considered around the occupants. The grid size was around 5 cm, what is considered adequate by the authors since they wanted to study the global airflow, instead of the detailed airflow around the passengers. They have applied CO 2 as tracer gas, which was continuously injected at a rate of 5·10 Figure 3: Number of particles normalized for interval width produced by human expiratory activities as a function of particle size-based on data from Duguid [34] . combined with UFAD system has improved the air quality of the passengers compared to mixing ventilation but have not shown experimental validation for this specific investigation. Similar study was developed by Gao and Niu [18] to evaluate PV integrated to the aircraft cabin seat armrest ( Figure 7 ) combined with mixing ventilation, compared to a pure mixing ventilation system, keeping the same fresh airflow rate for both configurations. A thermal mannequin scanned from a real detailed mannequin was considered in the simulation and the pollutant emitted from the floor and from the occupant skin and nose. A constant inhalation rate of 1.4·10 −4 m 3 /s was considered for all the passengers, except for the index one. The gaseous contaminant dispersion was simulated by injecting CO 2 in an Eulerean frame, and the aerosol dispersion simulated with both the Eulerean and Lagrangean models.
First, the airflow was solved considering RNG k-ε turbulence models with standard wall functions. Then, disperse phase equations were solved, assuming one-way coupling. The dispersed aerosols were considered spherical particles with medium diameter of 1 μm and simulated in a Lagrangean frame of reference. These particles were injected with an initial velocity of 20 m/s during 0.5 s, aiming at simulating a horizontal sneezing. The equations applied to model the liquid particles were similar to the ones applied to simulate the gaseous particles, including the gravitational effect, not considered for the gases. A semiempirical model was applied to represent the liquid particles adhering effect to solid surfaces, and it was taken into account the thermophoretic, Brownian, and lift Staffman forces.
They have concluded that the expiratory droplets, originated from a sneezing, could travel a distant larger than three rows, although the most quantity of particles were deposited onto internal cabin surfaces, rather than being ventilated out. Concerning the analyzed ventilation solutions, it was observed that PV combined with mixing ventilation could shield up to 60% of the contaminants that reached the user without PV. Likewise Zhang and Chen [9] ,Gao and Niu [18] also did not perform experimental validation.
Particle Generators Studies
2.4.1. Monodispersed Particle Generators. Shimada et al. [43] have studied the dispersion of fine particles inside a ventilated mockup with CFD numerical simulations and measurements, aiming at investigating the influence of the particle's releasing point location (Figure 8 ). Around 3 · 10 10 particles of latex polystyrene per cubic meters of air with a medium size of 0.14 μm were released by the emission port into the room with an airflow of 1 L/min. An in-house made monodispersed particle generator composed basically by a pump, a nebulizer, and a drier was used. Cupper tubes' with 6 mm in diameter were applied to sample air from the room and guide it till two optical particle counters, as the volume occupied by the equipment could disturb the airflow if located inside the mockup. The sampling tubes' suction airflow was varied as well as the tubes length, but no effect on the measurements was found.
The authors have not obtained good numericalexperimental correlations when the emitter was close to the wall due to its effects on particle dynamics. In the end of the analysis, they have increased the grid by an 8x factor and have obtained similar results for velocity field, but not so similar for concentration. The authors believe it could be explained by the fact of larger discrete volumes having higher particle numerical diffusion.
Zhang et al. [42] have studied the dispersion of airborne particles in an aircraft mockup (Figure 9 ) focusing on the air velocities, temperatures, and contaminants' concentration fields. Expiratory contaminants were simulated with tracer gas (SF 6 ) and with a monodispersed 0.7 μm medium-size TSI model 3475-particle generator. Both gaseous and liquid particles were injected through tubes into the cabin. The airflow was solved with RANS and RNG k-ε turbulence model, and the dispersed phase considered in a Lagrangean frame. Not so good numerical-experimental correlations were obtained for the velocities and concentration fields, mainly due to uncertainties to measure the diffusers outlet air velocity, used as boundary condition in the CFD simulation. The authors have observed that the velocity measurement process is a key factor, to study the transport of airborne particles, and also a challenge. Gupta et al. [44] have simulated with CFD the spread of expiratory droplets inside a fully occupied twin-aisle aircraft cabin, as shown in Figure 10(a) . The boundary condition of the index passenger (located in the center of the cabin) was different depending if he was coughing, breathing, or talking. They have simulated three distinct cases: a single cough, a single breath, and a 15-second long talking, considering monodispersed expiratory droplets, having diameters of 8.5 μm, 0.4 μm, and 30 μm, respectively. The mouth of the rest of the passengers were considered closed, and their noses opened, with a random breathing distribution as shown in Figure 10(b) .
The CFD simulations have applied RANS to calculate the airflow with k-ε RNG turbulence model, and the contaminants were analyzed in a Lagrange frame. Two grids were tested, one with 1.5 million and the other with 10 million tetrahedral elements. As the differences in the results were minor, the coarser one was used, which has 5 mm size on mouth, nose, and face of the passengers, 20 mm on the rest of the body, and 40 mm elsewhere. In the first 30 s of simulation, most of the droplets were transported within one row of the index occupant, and then spread all over the seven-row cabin in a uniform particle distribution in 4 minutes. The authors have considered their results were in agreement with other studies found in the literature but have mentioned that a controlled experiment study is still required to identify the limitations of the applied CFD methods.
Polydispersed Particle Generators.
The polydispersed particle generators found in the market (RR Elektronic, ATI, GRIMM, TSI, PIVTEC, Spraying System, etc.), in general, produce particles having around 0.3 μm of medium diameter, which is too small to simulate expiratory droplets, considering the Duguid [34] measured particle size distribution as the target. The fact of not finding off-the-shelf polydispersed generator to produce particles comparable to expiratory droplets may have motivated researchers to use an inhouse-made generator able to mimic human coughing [13] . This generator is fed with compressed air and liquid similar to human saliva ( Figure 11 ) and was calibrated based on the Duguid [34] particle size distribution. Wan et al. [41] have applied the just cited particle generator to evaluate the dispersion of droplets inside a ventilated aircraft mockup. The particle size distribution was characterized with a light scattering spectrometer (PMS Lasair 1002) located 10 mm next to the injection nozzle, resulting in a peak concentration of 2.5 × 10 6 particles/L at a medium size of 6.75 μm. Distilled water was injected with compressed air, producing air velocity at the nozzle of about 10 m/s. Based on the measurement with volunteers conducted by Zhu et al. [47] , this air velocity at the nozzle is apparently adequate to simulate human coughing. Particles were detected one row distant from the injection point in the longitudinal direction, and 3 rows distant in the lateral direction, what could be explained by the cabin's airflow profile. They have also observed that the cabin contaminant concentration is inversely proportional to the fresh air flow rate. The relative humidity of the cabin was controlled in the range of 5 to 25%, and the peak of detection occurred for the higher cabin humidity values, explained by the lower droplets evaporation ratio.
Similar study was developed by Sze To et al. [13] where the focus was to characterize the dispersion of expiratory droplets inside an aircraft cabin with mixing ventilation, as well as to understand the effects of the cabin air changes on the dilution and removal of these particles. This study was carried out in an aircraft cabin mockup ( Figure 12 ) built inside ICIEE (International Center for Indoor Environment and Energy), at the Technical University of Denmark (DTU). During the experiments, the cabin was kept without recirculation and pressurized with 7 Pa to avoid any kind of infiltration. Heated cylinders were added to simulate passengers' thermal dissipation, PIV was used to characterize the particle generator initial jet air velocity during one coughing and spectrometers to characterize particles. The method called fluorescence dye technique was applied to measure particle deposition on internal surfaces. Since there was one spectrometer only, the experiment was repeated several times to measure the various points and to assess reproducibility.
Results have shown that increasing the fresh airflow rate decreases the particle concentration nearby the injection point due to the dilution effect. On the other hand, the particle dispersion is increased, helping to raise the concentration near the seats located more distant. This study has also confirmed that the particles fate is totally dependent on their sizes, and it obtained particles deposition rates in the range from 60 to 70%. Table 3 summarizes some aspects of the methods discussed and other studies also reviewed. Great part of them was developed inside ventilated rooms and aircraft cabin mockups, and the majority focused on expiratory contaminants. Different off-the-shelf monodispersed atomizers have been applied, but the polydispersed atomizers were inhousemade types, as already discussed. To simulate small particles (droplet nuclei) as well as gaseous pollutants, researchers have applied tracer gases such as SF 6 and CO 2 . According to the last column, the researchers have applied CFD to simulate particles by using the Euler or Lagrange equations and in most cases RANS with k-ε RNG turbulence models.
The studies discussed so far have simulated the dispersion of contaminants inside ventilated spaces considering the occupants seated in a static conditions. However, some studies have indicated that the contaminant's personal exposure is significantly influenced by the occupants' movement [51, 52] . In parallel, in order to reduce complexity, some authors have studied the dispersion of contaminants inside smallscaled water models in ventilated buildings [53] .
Motivated by those studies, Poussou et al. [49] have represented an aircraft cabin with a small-scale water model as shown in Figure 13 , aiming at studying the influence of body movement on flow and contaminant distribution inside mock-up cabins, with and without ventilation. They have applied PIV to measure the velocity field and PLIF (Planar Laser-Induced Fluorescence) to visualize the contaminant concentration and have developed a companion CFD model to be validated based on the reduced mock-up experiment results. Basically, the CFD models were developed inside Fluent, considering RANS with k-ε RNG turbulence models, and it applied a combined dynamic (with 0.25 million cells) and static (with 4.4 million cells) mesh scheme.
The authors have observed that the contaminants were able to reach higher vertical locations in the case with the ventilation turned on and that the CFD simulation reasonably captured this airflow velocities' basic difference between both simulated conditions.
Discussion
The reviewed studies have applied tracer gas and particle atomizers to study transport of expiratory contaminants. Based on those, a preliminary method to evaluate air dis-tribution philosophies in terms of indoor air quality is proposed as follows.
First of all, it is important to understand the physical process one's intend to reproduce in the experiment in order to specify the type of pollutant and its main characteristics ( Figure 14, step 1) . For instance, if the intention is to assess the dispersion of CO 2 released during breathing, a gas source with the same airflow as the human average CO 2 exhalations could be used, as done recently [9, 47, 54] . But, if the transient effect of the breathing, for any reason, should be taken into account, a gas-releasing control device should be used, such as the breathing simulator applied by Nielsen [15] andHalvonová and Melikov [55] or the breathing numerical model developed by Gupta et al. [44] . Differently, if one intends to study the spread of expiratory droplets generated during any expiratory activity, it is necessary to define an aerosol to mimic saliva particle size distribution and the activity-releasing initial velocity. The particle generator used by Zhang et al. [42] seems adequate to simulate expiratory activities, as it is capable of generating particles in the range of 0.1 to 8 μm, which encloses the most common particle size generated by expiratory activities (Figure 3 ). Sze To et al. [13] have developed an inhouse-made polydispersed particle generator to mimic human coughing ( Figure 11 ) and have calibrated the equipment based on the coughinggenerated particle size distribution measured by Duguid [34] and the releasing velocities measured by Zhu et al. [47] . It is also possible to dilute benign microorganism into the aerosol solution, aiming at assessing the microorganism survivability in an airborne state as done by Sze To et al. [56] . Finally, it is important to add that the accurate description and standardization of the expiratory activities (breathing, speaking, coughing, and sneezing) are important for comparison of results of different studies. Melikov [57] has already reported standardization for breathing.
Depending on the specific needs, the phenomenon could be treated as steady state or transient. Thatcher et al. [58] focused on determining the particles' deposition rate after a puff release of compressed air, which is intrinsically transient. On the other hand, Zhang and Chen [25] have evaluated different types of building ventilation systems based on the dispersion of contaminants generated by a continuousflow particle atomizer. This definition shall be made soon ( Figure 14, step 2) , because it may affect the equipment selection.
Once defined the contaminants of interest and their generation physical process, the contaminant generation method should be defined (Figure 14, step 3) . Based on the literature review, tracer gas and/or liquid/solid particle generators have been applied. When the studied contaminant is gaseous, naturally the tracer gas method has been applied. The SF 6 has been the most applied, mainly because it is a nonreactive, nontoxic, odourless, colourless, and is detectable in small concentration and by well-know and reliable instruments [16] . Tracer gas has been applied to simulate the spread of small expiratory droplets as well (less than 5 μm). However, this possibility should be considered only if the particle adherence effect onto surfaces could be neglected, as discussed in Section 2.2. Otherwise, a particlegenerator device should be used. When applying off-the- shelf generators, the particle size is often characterized by their manufacturers. On the other hand, to use inhousemade generators, it is required to characterize the particles generated with adequate and usually complex measuring method such as the Interferometric Mie Imaging (IMI), as applied by Yang et al. [16] and Sze To et al. [13] . Particle counter might not be used instead, mainly due to the high particle concentration in the generator outlet jet, which may cause major coincidence losses. If the scope is gaseous, contaminants or small droplets (droplet nuclei) and the surface adherence effect after contact can be neglected, tracer gas could be applied. Regarding the detection method (step 4), gas sensors have been used to measure tracer gas concentration, such as the nondispersive infrared CO 2 sensors used by Yan et al. [20] or the photoacoustic SF 6 analyser used by Zhang et al. [42] . Their calibration validity, accuracy, and time constant are important parameters, not always sufficiently discussed in the articles. In order to measure particle concentration, most researchers have applied optical counters [25, 43, 59] , usually capable of measuring the particles' number concentration in 5-16 channels [60] or aerosol spectrometers [13, 16, 42] , which can additionally measure the aerosol mass concentration. According to Hinds [60] , the optical particle counters have counting efficiencies (ratio of indicated count to true count) of around 100% for particles larger than 0.1 μm, and their response depends basically on the size and refractive index of the particles. As these counters are commonly sizecalibrated with monodispersed polystyrene latex particles [60] , the error in size estimation when measuring particles with different refractive index can be significant [60, 61] . Another important aspect is the equipment sampling time, which should be specified according to the experiments' specific characteristics (if steady state or transient, time scales, needed response time, etc.), as briefly discussed by Wan et al. [41] . It is important to define if CFD validation will be done during this step as well, because it may require specific instrumentation such as PIV, as applied by Sze To et al. [13] , or PLIF, as applied by Poussou et al. [49] .
As per step 5, it is important to identify the variables that could influence the results of the experiment significantly, herein called critical variables. These variables should be monitored and/or controlled in order to guarantee the experiments' adequate reproducibility, what is of fundamental importance due to the typical limitations in the number of measuring equipments and also the high number of variables to be studied, one each time.
It is well known that the airflow velocity field influences directly the contaminant concentration field. So, all the variables that may affect the air velocities field should be controlled, such as the air exchange rate and the recirculation rate, the air and internal surfaces temperature, the air inflow temperature, the volume occupied by the room furnishings such as seats and human simulators, and their thermal dissipation rates, the cabin diffusers flow split and their inflow turbulence level, the air return area, which influences the inboard-outboard pressure differential and thus the infiltration levels, and so forth. Sze To et al. [13] have shown that increasing the fresh airflow rate decreases the particle concentration nearby the injection point due to the dilution effect. On the other hand, the particle dispersion is increased, helping to raise the concentration near the seats located more distant. Experimental studies have shown that the chair design, the human-simulator clothing thermal insulation, and the human-simulator geometry have significant impacts on the generated thermal plume [62, 63] . Further, the occupants' thermal plume itself, as per Stancato [64] , indeed influences the air velocities field inside aircraft cabins. Thus, all the parameters that could affect the human-simulator thermal plumes should be considered when studying the indoor airborne dispersion of contaminants.
Another important variable is the indoor airs' relative humidity, as it affects the evaporation and/or condensation ratio of liquid aerosols and, therefore, could influence the particles dynamics. Morawska [65] has shown that distilled water droplets take 5 times more to evaporate when moved from a 0% relative humidity environment to another with 80%. Inside aircraft cabins, Wan et al. [41] have measured the droplets' detection peak when considering the higher air relative humidity, explained by the reduction in droplets evaporation. Other critical variables to be considered to study the spread of airborne expiratory droplets inside ventilated spaces are the furnished area (as shown by Thatcher et al. [58] ), contaminant particle sizes, (as discussed by Wan et al. [50] ), the contaminant initial velocity (Morawska [65] ), and at last the air distribution philosophy [9, 18, 66] .
The identification of the critical variables is important not only for the experiment reproducibility, but also when one intends to compare experimental with simulation results. Zhang et al. [42] have applied anemometers to measure the velocity magnitude at cabin diffusers and smoke to estimate the velocity direction. The authors believe this might have been the main reason to have differences between numerical results and measurements for contaminants concentration. To avoid this kind of discrepancies, Sze To et al. [13] have applied PIV to measure aircraft cabin air velocities, and, based on that, Wan et al. [50] have obtained good correlations between CFD simulation and measurements.
Once defined the contaminant of interest, the generation and measuring methods, the critical variables of the experiment, and the equipment integration into the mockup shall be done (step 6). In this step, the main tasks are to define the point of contaminant releasing, as well as the measurements points. When the equipment sizes are considerable and may affect the airflow distribution field, they might be placed outside the experimental chambers. In such a case, both particle injection and particle sampling shall be made by means of small-diameter tubes. In this case, a sensitivity analysis should be done to evaluate if the tubes' geometry impacts on measurements, as done by Shimada et al. [43] . In addition, the sampling airflow suction, the sampling tube diameter, the airflow air velocities, and the relative position between the counter and the airflow should also be investigated in order to minimize further particle detections' inaccuracy [60] .
During the case matrix definition (step 7), it is important to take into account statistical criteria as well as the equipment limitations to specify each experiment details and their repetitions. Zhang et al. [42] have sampled particles during 30 seconds and repeated 10 times each measurement. Sze To et al. [13] had one spectrometer only, and the experiment was repeated several times to measure the various points and to assess reproducibility. After that, the case setup is made (step 8) , and the basal solution tested first in order to obtain baseline results (step 9). Then, the proposed solution is tested (step 10), and both results are compared (step 11). Finally, it is possible to assess if the solution is approved for the case under evaluation, that is, if the proposed solution minimizes cross-infection or not (step 12).
Conclusions
A review of methods to study dispersion of airborne expiratory contaminants was presented and discussed. In general, researchers have applied tracer gas or particle generators to reproduce contaminant generation in scientific studies. There are not many available off-the-shelf particle generators capable of reproducing human expiratory droplets. Taking into account the current state of the art of expiratory droplets' size distribution, the off-the-shelf monodispersed particle generator seems adequate, although the polydispersity characteristic of the expiratory droplets cannot be reproduced in this case, and each particle size needs to be studied separately. In order to generate polydispersed expiratory droplets, the unique option seems to be the construction of an in-house particle generator, what is far from being an easy task basically due to the difficulties to calibrate the generated particle size distribution.
The most used computational methods to study the spread of airborne expiratory droplets inside aircraft cabin has been CFD simulations. Most of the users have applied Euler models to analyze the steady-state intrinsic physical phenomenon and Lagrange for transient ones. Good agreement levels have been shown between experiment and numerical results, mainly for temperature and velocities fields, but it is still strongly dependent on the applied measurement technique. Usually, PIV is the most applied method that has guaranteed a minimum and adequate level of agreement. For the contaminant concentration fields, some studies have reached good agreement levels, but they are not many.
Based on the presented paper, it was possible to preliminarily identify the main equipments needed to study the spread of airborne expiratory contaminants inside aircraft cabins, a variety of requirements involved, as well as to initiate the discussion of a method to be applied to evaluate aircraft ventilation solutions in terms of indoor air quality. The proposed method may still be enhanced, but it probably can be already applied as a guide for studies related to airborne cross-infection inside aircraft cabin and inside other ventilated spaces as well.
